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(£) Plasma enhancement apparatus and method for physical vapor deposition. 



@ The present invention provides a plasma enh- 
ancement method and apparatus for electric 
arc vapor deposition. The plasma enhancement 
apparatus (50) is positioned to act upon plasma 
generated from a plasma source (15) before the 
plasma reaches a substrate (26) to be coated by 
the plasma. The plasma enhancement ap- 
paratus includes a magnet disposed about a 
magnet axis and defining a first aperture, and a 
core member disposed about a core member 
axis and at least partially nested within the first 
aperture. The core member defines a second 
aperture, and the plasma enhancement ap- 
paratus is arranged and configured in such a 
manner that the evaporated cathode source 
material passes from the cathode source and 
through the second aperture toward the sub- 
strate to be coated by the evaporated cathode 
source material. The plasma is favorably con- 
ditioned as it passes through the plasma enh- 
ancement apparatus. 
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for converting the solid coating source material into a gaseous/vapor plasma are: (a) resistance or induction 
heating; (2) electron beam or ion bombardment; and (3) electric arc. 

With resistance and induction heating techniques, the coating source material is brought to its melting point 
by an external heat source or by passing high electric current levels through the coating source material. The 
5 source material, or a portion thereof, first melts to a molten liquid state, and then vaporizes to a gaseous state 
to form the coating plasma. This technique has been used for depositing thin film circuit patterns on hybrid circuit 
substrates, and for depositing metalization interconnection patterns and layers on semi-conductor chip surfac- 
es. 

With electron beam and ion bombardment techniques, a molten pool of coating source material is created 
10 by bombarding the solid coating source material with a high-energy beam of electrons and/or ions. In such art, 
the solid source material is typically referred to as a "target", toward which the electrons and/or ions are accel- 
erated. The bombarding electrons and/or ions impart sufficient kinetic energy to the target source coating ma- 
terial, causing atoms, ions, molecules, ionized molecules, and agglomerates of molecules to leave the target 
source material in the form of a coating plasma. This physical vapor deposition method, while more practical 
15 than the resistance or inductive heating method for coating larger work pieces such as cutting tools, is costly 
due to the expensive equipment required for generating and directing the electron and/or ion beam toward the 
target area. The energy level of coating plasma particles generated by the two physical vapor deposition tech- 
niques described above is relatively low. 

20 Physical Deposition by Electric Arc 

The present invention relates to the third listed physical vapor deposition technique (i.e., to that of electric 
arc, also referred to as cathodic arc vapor deposition). Various known electric arc vapor deposition techniques 
are disclosed in U.S. Patent No. 3,625,848 to Snaper and U.S. Patent No. 3,793, 1 79 to Sablev, et al. U.S. Patent 

25 No. 4,448,799 to Bergman, et al., and U.S. Patent No. 4,485,759 to Brandolf. 

In electric arc physical vapor deposition, an electric arc is struck and maintained between the coating 
source material, which is typically electrically biased to serve as a cathode, and an anode that is spaced apart 
from the cathode. An arc-initiating trigger element is positioned proximate the cathode source and is positively 
biased with respect to the cathode. The trigger element is momentarily allowed to engage the surface of the 

30 cathode material, establishing a current flow path though the trigger and cathode. As the trigger element is re- 
moved from engagement with the cathode source, an electrical arc is struck, which arc is thereafter maintained 
between the cathode and the anode electrodes of the chamber. The electric arc carries high electric current 
levels, typically ranging from 30 to several hundred amperes, and provides energy for vaporizing the coating 
source material. The arc terminus is visible on the surface of the cathode, where the arc "touches" the cathode, 

35 and is typically referred to as a "cathode spot". One or more of such cathode spots may exist on the cathode 
surface at one time, depending upon the current present in the arc. The cathode spot(s) randomly move across 
the surface of the source material, instantaneously vaporizing the coating source material into a coating plasma. 
The plasma typically contains atoms, molecules, ions, and agglomerates of molecules, and generally, both ion- 
ically charged and neutral particles. Plasma particles created by an electric arc generally leave the solid source 

40 material at significantly higher energy levels than those created by the other physical vapor deposition techni- 
ques. The electric arc technique has been found to be particularly attractive for commercial coating applications, 
particularly to the economical formation of wear-resistant coatings on surfaces of cutting tools, bearings, gears, 
and the like. 

One type of coating source material that is often used for the cathode of electric arc vapor deposition ma- 
45 chines is titanium (Ti). When a titanium source material is used, a reactive gas such as nitrogen (N) is often 
introduced into the deposition chamber during the vaporization of the titanium source. The nitrogen gas reacts 
with the titanium, and the coating plasma within the chamber comprises Ti, N 2 and TiN. TiN forms a gold-colored 
coating that has been found to be a very durable coating for cutting tools and the like. 

Another desirable cathode material is graphite, which produces carbon (C) plasma that forms a diamond- 
so like coating when deposited. Chemical vapor deposition techniques are available for forming such diamond- 
like coatings, but the amount of hydrogen (H) present in the system must be carefully controlled in order to 
eliminate or minimize the formation of undesirable hydrocarbons in the structure of the coating film. By using 
electric arc vapor deposition, the system could be evacuated and made substantially hydrogen-free, and then 
a controlled partial pressure of hydrogen could be injected into the system. However, it is relatively difficult to 
55 form homogeneous, smooth carbon coatings by electric arc physical vapor deposition techniques, because the 
arc tends to remain in fixed spots on a graphite cathode, dislodging undesirable, large pieces (macroparticles) 
of the graphite cathode into the coating plasma. 

In all deposition coating processes, it is desirable to form smooth, homogeneous films on the substrate 
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Figure 1 together with the immediateiy adjacent deposition chamber structure; 

Figure 3a is a digrammatic view of the magnetic fields generated by a current passing through the magnet 
coil of the plasma enhancement apparatus of Figure 3; 

Figure 4 is an experimental results graph of substrate current as a function of voltage across the substrate 
for a variety of Gauss settings for the plasma enhancement apparatus shown in Figure 2; 
Figure 5a is an experimental results graph of intensity for the various nitrogen and titanium atoms and ions 
present in the deposition chamber as a function of magnetic field strength generated by use of the plasma 
enhancement apparatus shown in Figure 2; 

Figure 5b is an experimental results graph of intensity for the various nitrogen and titanium atoms and ions 
present in the deposition chamber employing the plasma enhancement apparatus shown in Figure 2, as 
a function of pressure within the deposition chamber 

Figure 6 is an experimental results graph of surface roughness of a vapor deposited substrate film coating 
as a function of magnetic field strength generated by use of the plasma enhancement apparatus shown in 
Figure 2; 

Figure 7 is an experimental results graph of substrate current as a function of voltage across the substrate 
for magnetic fields of 0 and 500 Gauss generated by use of the plasma enhancement apparatus shown in 
Figure 3; 

Figure 8 is an experimental results graph of substrate current as a function of magnetic field strength gen- 
erated by use of the plasma enhancement apparatus shown in Figure 3 for environments of hydrogen and 
argon; and 

Figure 9 is a top elevational view of the arc enhancement apparatus shown in Figure 2. 
Detailed Description of the Invention 
25 Vapor Deposition System 

Referring to the drawing, there is generally illustrated in Figure 1 , a diagrammatic representation of an elec- 
tric arc vapor deposition system with which the present invention can be used, it is emphasized that Figure 1 
is only a diagrammatic representation of such a system, which generally schematically illustrates those basic 

30 portions of an electric arc vacuum vapor deposition system that are relevant to a discussion of the present in- 
vention, and that such diagram is by no means complete in detail. For a more detailed description of electric 
arc vapor deposition systems and various portions thereof, one may refer to United States Patents 3,793,179 
to Sablev, et al M 4,485,759 to Brandolf, 4,448,799 to Bergman, et a!., and 3,625,848 to Snaper. To the extent 
that such additional disclosure is necessary for an understanding of this invention, the disclosures and teach- 

35 ings of such patents are herein incorporated by reference. 

Referring to Figure 1, there is generally illustrated at 10 a vapor vacuum deposition chamber having a first 
wall chamber portion 10a and a second wall chamber portion 10b appropriately connected together (by means 
not illustrated) to form an enclosed inner cavity 1 1 that defines a deposition chamber in which substrates are 
to be coated. A vacuum pumping system, diagrammatically illustrated at 12, communicates with the inner cavity 

40 1 1 by means of an outlet port 1 1 a, and is operable to suitably evacuate the chamber, as is well known by those 
skilled in the part. Appropriate means for inserting reactive or inert gases to the inner cavity 1 1 during various 
process steps of the deposition procedures are generally illustrated at 13 and communicate with the inner cavity 
1 1 by means of an inlet port 1 1 b. Other general purpose inlet and outlet ports may be provided for opening into 
the inner cavity 1 1 , but are not illustrated or described herein. 

45 A source of coating material 15, referred to in Figure 1 as the "Cathode," represents the origin of coating 
vapor or "plasma" for the vapor deposition coating process, and represents one electrode of an arc generating 
apparatus. In an electric arc vapor deposition system, such source of coating material generally represents a 
physical mass of coating material, such as titanium, in solid form. The physical shape of the source material 
can vary, for example, from cylindrical, to rectangular to irregular. The type of source material can also signif- 

50 icantly vary, from conductive, to semiconductive, to insulative. In a preferred embodiment of the invention, the 
source material is titanium. The titanium source 1 5 is mounted in the deposition cavity 1 1 by appropriate mount- 
ing means, generally illustrated at 16 in Figure 1, and typically has at least a portion thereof projecting outwardly 
through one of the chamber walls to the atmospheric environment. In the diagrammatic illustration of Figure 1 , 
the mounting means 16 is illustrated as projecting through the second chamber wall portion 10b. Due to the 

55 high electrical current levels passing through the cathode during electric arc vapor deposition processes, the 
cathode gets extremely hot, typically requiring external cooling. Such cooling is typically provided by a water 
flow-through system, schematically illustrated at 1 7 in Figure 1 , which communicates with the cathode mounting 
apparatus 16 by means of a flow path 18. Appropriate vacuum seal and electrical isolation means, generally 
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an coil inner radius R 2 as shown in Figure 9, as well as Figure 2. However, it cannot be overemphasized that 
the present invention is not limited by any particular shape of the plasma enhancement apparatus, and that 
any number of configurations may be used. - 

The plasma guide 50 further includes a core member 60, which has a core outer radius R2 and nests within 

5 the coil inner radius R 2 of the casing 53. The core member 60 defines an aperture 64 having a radius of 25.4 
mm, through which the majority of the plasma 40 travels. The core member may be constructed from a variety 
of materials, magnetic and non-magnetic, depending on the application. The axial thickness of the plasma guide 
50 is preferably 75.0 mm. Again, those skilled in the art will recognize that the invention is not limited to round 
cores or cores defining round apertures, but that various configurations will work and may be desirable for par- 

10 ticular applications. 

According to a preferred embodiment, the core member 60 includes a first cylindrical shell 61, having an 
approximate axial thickness of 40 mm, and a second cylindrical shell 62, having an approximate thickness of 
28 mm. The first and second cylindrical shells 61 and 62 are separated by ceramic spacers (not shown) to co- 
operatively define a cylindrical shell void 63, having an approximate axial thickness of 7 mm, therebetween. In 
15 this particular embodiment, the core 60, comprising the shells 61 and 62 and the spacers (not shown), are se- 
cured relative to the magnet coil 51 by friction fit. Those skilled in the art will recognize that other means are 
available to accomplish this task, and that the coil inner radius can be larger than the core outer radius. 

Those skilled in the art will recognize that the present invention would also function with a permanent mag- 
net in place of the electromagnet 51. In fact, a permanent magnet may be desirable once an optimal field 
20 strength has been determined because the use of a permanent magnet eliminates a parameter from the process 
that would otherwise require control. Moreover, a permanent magnet configured in the shape of the core could 
be substituted in place of the electromagnet and the core. 

Currents of up to 70 Amps through the magnet coil produced a maximum field strength of 1 500 Gauss meas- 
ured along the magnet coil axis. The resulting magnetic fields are shown in Figure 2a, and the net emitted plas- 
25 ma stream 40 is shown in Figure 2. The plasma 40 tends to converge in a "focus zone" 44, which is bordered 
by the void 63 and extends a distance along the axis of the plasma enhancement apparatus 50. The effects of 
this convergence or focusing of the plasma stream 40 are explained in greater detail below. 

Experimental Results for First Core and Titanium Cathode 

30 

Using a titanium cathode in a nitrogen atmosphere, an apparatus configured according to the preferred 
embodiment described above (and illustrated in Figure 2) was operated within a Langmuir probe experimental 
system. The substrate was coaxially positioned relative to the face of the titanium cathode, and at a distance 
of 375 mm. The substrate, which was 12.7mm in diameter, was recessed into a ceramic fixture. A grounded 

35 shield 1 .2mm thick with an aperture of 1 1 .87mm was placed 1 .0mm in front of the substrate. 

Plasma emission was monitored through an observation tube aimed to intersect the symmetry axis 375mm 
in front of the cathode. Light from the emission was transmitted through a quartz window, through a quartz fiber 
optic cable to the input slit of a 0.5m Ebert-type Jarrel-Ash scanning monochrometer. The monochrometer was 
sensitive in the range 230-990nm with a resolution of less than 0.1 nm, and the acceptance angle was 4°. De- 

40 position rates on the substrate were determined using a microbalance with a repeatability of 20mg. The average 
surface roughness was measured with a Dektak proptometer. 

The current was initially set to create a magnetic field strength of 890 Gauss, the nitrogen pressure at 
20mTorr, the cathode current at 40 amperes, and the substrate bias at -80 volts. For the conventional arc ex- 
periments the plasma guide was removed and the cathode to substrate distance was 300mm (the difference 

45 being the length of the plasma guide 50). 

Substrate current was measured as a function of applied voltage across the substrate, and as a function 
of magnetic field strength, and the results are shown in Figure 4. A voltage-current curve for the conventional 
arc under similar conditions is also shown for reference. In Figure 4, positive ions collected by a negative voltage 
are shown as a positive current and electrons collected by a positive voltage are shown as a negative current. 

so It can be seen that the positive ion current saturates at negative voltage. The saturated ion current increases 
with increasing magnetic field strength at a rate that is nearly linear until a magnetic field strength of approxi- 
mately 890 Gauss. Above 890 Gauss, the saturated ion current stays approximately the same. Those skilled 
in the art will recognize that the experimental results shown in Figure 4 indicate that use of the plasma enhance- 
ment apparatus generates more plasma and at higher energy levels, as discussed further below. 

55 The saturated current collected at a negative bias is primarily due to the flux of titanium and nitrogen ions 
entering the sheath separating the plasma from the substrate. The application of a magnetic field in a plasma 
optics system can have a significant effect on ion flux levels, as has been previously shown in the art. The in- 
crease in ion flux is a result of plasma focusing and the creation of additional ions through electron impact ion- 

7 
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early with magnetic field strength indicates that electron impact excitation/dissociation, and ionization of nitro- 
gen is occurring. The excitation thresholds for these emissions are 1 1.1, 18.7, 12.0 and 20.7 eV respectively. 
Electron temperature estimates made from the Langmuir probe experiments show that electron temperatures 
exceeding these excitation thresholds are reached. 
5 All nitrogen emissions including N 2 +, N 2f N+ and N peak in the magnetic field strength range of 900 to 1200 

Gauss. The rapid decline in N 2 emission intensity and saturation of N 2 + emission intensity may be the result 
of nearly complete dissociation and ionization of N 2 . These emission features also correlate with the behavior 
of the ion and electron saturation currents described in the Langmuir probe experiments at the same conditions. 
The saturation currents increase linearly with increasing magnetic field strength and then peak in the same mag- 
10 netic field strength range of 900 to 1200 Gauss. 

The Ti+, and Ti emission lines as shown in Figure 5a, increase rapidly up to 335 Gauss, above which the 
emissions level off. From 0 to 335 Gauss, the steep, nearly linear increase in the titanium emissions is probably 
due to plasma focusing and electron impact ionization. The abrupt saturation of the titanium emission lines at 
335 Gauss correlates to an electron temperature of approximately 6eV (based on previously reported results) 
15 which is close to the ionization threshold of titanium. The abrupt saturation of the titanium emission lines may 
be the result of nearly complete ionization of titanium. The presence of the excited titanium emission line which 
imitates the behavior of the ionized titanium emission line at a lower intensity is probably due to three body 
electron recombination as described below. 

Figure 5b shows the variation in emission intensity with nitrogen pressure at a constant magnetic field 
20 strength of 890 Gauss for the same emission lines as in Figure 5a. The characteristic features of this graph 
are similar to those done with the conventional arc (0 magnetic field strength). The most notable difference is 
the high intensity of the nitrogen emission lines. Between 0 and 15mTorr, the increases in the nitrogen and 
titanium emission may be attributable to charge exchange reactions of the type Tn n+ + N 2 --> Ti^ 1 > + +N 2 +. 
It is believed that the rapid decrease in the intensity of the N 2 + emission above 15mTorr occurs because 
25 the initially high energy of Ti 2 + species is lost in collisions with nitrogen and falls below the 14.0eV threshold 
energy needed for this reaction to occur. The Ti+ to Ti reaction does not occur because it requires an exces- 
sively high ion threshold energy of 32.3eV. 

In the region above 15mTorr, the behavior of the Ti+ and Ti emission can be attributed to the three body 
reaction Ti n * + e = N 2 --> T\i**» + N 2 . The probability of this reaction increases with increasing nitrogen con- 
st? centration. This is shown in Figure 5b by the decline of the Ti+ emission accompanied by a rise in the Ti emission 
and the decline of both species above 40mTorr. 

These results and observations indicate that in the magnetic field of the enhanced arc apparatus, electron- 
particle collisions result in significant excitation, dissociation, and ionization of titanium and nitrogen species. 
In addition to the inelastic electron-particle collisions, charge exchange and three body reactions typical of the 
35 conventional arc are still occurring. Based on the results from the Langmuir probe and the emission spectro- 
metry and the logical interpretations thereof, it appears that the number density of nitrogen ions to titanium ions 
and the resulting contribution of nitrogen ions to the ion flux on a substrate is significant. This is in contrast to 
the conventional arc process where nitrogen ions contribute a very small amount to the current on a substrate. 
Finally, a direct comparison of the emission intensity of the N 2 +, N 2 , Ti+, and Ti lines studied here showed 
40 that emissions in the conventional arc system were only 2.3, 1 .3, 25 and 1 1 percent respectively, of the emis- 
sions in the enhanced arc system under the same operating conditions. This supports the conclusion that sig- 
nificant enhancement of titanium and nitrogen excitation and ionization is occurring in the enhanced arc system. 

The vapor being deposited on the substrate was found to be 100 percent ionized using a recognized ion 
exclusion method. The ionized fraction of the vapor impinging on the substrate was determined by comparing 
45 the deposition rate while excluding ions, to the deposition rate when ion deposition was allowed. Although the 
graphs of Figures 5a and 5b indicate that some amount of nitrogen and titanium atoms are present during the 
deposition process, it is believed that this is not the case at either the convergence zone or the substrate. Rath- 
er, it appears that some limited "recombination" of particles occurs in transit between the convergence zone 
of the plasma stream and the substrate, 
so Ion deposition was done at a magnetic field strength of 890 Gauss for 30 minutes. Ion exclusion deposition 

was done at the same parameters, except a screen with a transparency of 0.903 was placed 1cm in front of 
the substrate and biased at -100V to collect ions. A Debye sheath surrounding the wires enhances the effective 
ion stopping power of the screen. The substrate was also biased at +30V to repel any ions that made it through 
the screen. 

55 The result was no gain in mass when ions were excluded from deposition. No measurable amount of neutral 
macroparticle flux was included in film deposition. Ionization percentages of 68 to 83 percent in the conventional 
arc process reflect primarily the deposition of macroparticles. No mass gain under ion exclusion deposition con- 
ditions supports the conclusion that 100 percent of the vapor is ionized in the enhanced arc process. 
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ergetic electron conditions in the convergence zone generated by the plasma enhancement apparatus are a 

likely explanation for the large reduction in macroparticles with increasing magnetic field strength. 

The enhanced plasma optics system of the prevent invention increases the ionization and energy of the 

flux impinging TiN films during deposition. Inelastic collisions with energetic electrons in the strong confined 
5 magnetic field of the apparatus results in an increase in the excited and ionized species density. Dissociation 

and ionization of nitrogen and the resulting contribution of nitrogen ions to the plasma flux is especially apparent. 

The average charge per ion at the substrate is increased over the conventional arc case to approximately 2.1 e. 

The ionized fraction of the vapor is also increased to 1 00 percent in the convergence zone and proximate the 

substrate; the neutral vapor and macroparticle contribution to mass gained at the substrate was measured to 
10 be zero. Accordingly, deposited films are nearly free of macroparticles. 

Alternative Plasma Enhancement Apparatus 

Figure 3 shows an alternative embodiment of a plasma guide 50' according to the principles of the present 

15 invention. The plasma enhancement apparatus 50' of Figure 3 is similar in detail to that of Figure 2 with the 
substitution of core 80 for core 60. The magnet coil 51' has an outer coil radius R3' of 45mm and an axial thick- 
ness of 100 mm. Core 80 includes a plurality of cylindrical shells 81a-81e, each having an approximate axial 
thickness of 5.0 mm. Each of the cylindrical shells 81a-81e rests on a ceramic spacer (not shown) to define 
cylindrical shell voids 82a-82e, each having an approximate axial thickness of 12.0 mm. In this particular em- 

20 bodiment, the core 80, comprising the shells 81a-81e and the spacers (not shown), are secured by bolts (not 
shown) to the magnet coil 51 . 

A current through the magnet coil 51 generates the magnetic fields shown in Figure 3a, and the net emiteted 
plasma stream 40' is shown in Figure 3. The operative effect of the core 80 is to create a magnetic field with 
a "longer 1 ' axial focus zone 44', through which the plasma stream 40' passes. The "path lines" 40a' and 40b', 

25 defining the general path of the plasma 40, represent the "effective magnetic field" generated by the core 80. 
In addition to enhancing the evaporation, transportation, and deposition of the plasma, the present inven- 
tion facilitates the selection and substitution of varied core configurations in order to create magnetic fields of 
varied magnitude, shape, and axial focal length, accomodating various deposition applications and the use of 
widely differing source materials. Just as the first core 60 is deemed suitable for use in conjunction with the 

30 titanium cathode 15, the second core 80 is deemed well suited for use in conjunction with a graphite cathode 
75, as explained below. In fact, use of the second core 80 in the manner set forth below produces diamond- 
like coating films that are virtually free of hydrocarbons. 

Experimental Results for Second Core and Graphite Cathode 

35 

Using a graphite cathode in a controlled partial pressure hydrogen atmosphere, experiments were con- 
ducted with an apparatus configured according to the preferred embodiment described above (and illustrated 
in Figure 3). The high purity graphite cathode had the following characteristics: 
Grade: Poco SFG-2 
40 Density: 1.8 gms/cm 3 

Pore Size: 0.2 urn 
Particle Size: 1 um 
Purity: 5 ppm. 

The cathode 75 was arranged coaxially in relation to the magnet coil 51, which is 90mm in diameter and 100mm 
45 thick (measured axially). The DC current supplied to the magnet coil 51 was controlled for producing an axial 
magnetic field with a strength varying in magnitude from 0 to 1000 Gauss. The shape and the fringing effect 
of the lines of force can be optimized by the magnetic core pieces 81a-B1e positioned inside the plasma en- 
hancement apparatus 50'. The working vacuum during arc evaporation was around 10-6 Torr. Hydrogen and 
argon gases were metered by conventional Tylan mass flow controllers, the pressure measurement was per- 
50 formed by means of a MKS baratron transducer, and the substrate temperature was determined using an in- 
frared optical pyrometer. 

The experiments were conducted with substrates made of polished high speed steel, WC, and silicon. After 
having been thoroughly degreased in organic cleaning the samples were pressed onto a water cooled stainless 
steel substrate holder. Before the coating phase, the substrate(s) were subjected to an additional cleaning by 
55 igniting a Hydrogen/Argon glow discharge at reduced partial pressure of about 10 to 100mTorr at a bias voltage 
of -1000V for 10 minutes. This plasma etching phase was found to be important for conditioning the substrate 
surface prior to deposition and for improving the adhesion of the carbon layers. It is believed that the preparatory 
high energy bombardment of the substrate impregnated the substrate with carbon species, and thus, solved 
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previously encountered problems in getting the carbon film to nucleate on the substrate 
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Table C 

Summary of Graphite Arc Evaporation 
Experimental Conditions 



Modified 
Arc Source 



Conventional 
Arc SournA 



Substrate 

Evaporation Current 
Ic (A) 

Substrate Voltage 
Us (v) 

Magnetic Field 
B (Gauss) 

Gas Used 

Coating Pressure 

Film Thickness 



Sample A 
HSS 
50 

-50 

500 

Ar 
25 mTorr 
2.5 urn 



Sample B 
Silicon 
50 

-50 

500 

H 2 

25 mTorr 
1 um 



Sample C 
WC 
50 

-150 



None 
10-6 Torr 
0.5 um 



strenl^HT m ^f" 98 ** USing a Vickers ™<™hardness tester. The adhesion 

strength of the films deposited on the different substrates was tested with a VTT scratch tester A Macbeth tol 

ofTe IT r d t0 6XPreS K S ° PtiCal refleCtanCe ta ^-th.d.po.H^e«bon.^^SS^ 
of the carbon layers was observed by using a Scanning Electron Microscope and their surface rouZessts 

lyzed by Raman and Fourier Transforms Infrared spectroscopy 

, Jon°n ^ t0 d6fine tHe 6ffeCt inV ° lved in eva P° ratin 9 graphite cathodes, a first attempt was made to deposit 

The a c riT 9 t C °T ntl0nal PrOC6SS C ° nditi0nS ' Simi ' ar t0 th0Se normal, y used -ith a titanium .cathode 
The arc current intensify was set to 50 A and the substrate DC bias voltage during the coating phase was es' 
tebhshed to approximately -150V for keeping constant the sample temperature stZ^Z^ZZ ^ 
used during the course of the 30 minutes experimental cycle. A substrate current of 2.5 A as weM as a vdtaae 
drop Uc across the discharge space of 20V, were measured 9 

the ZEZ^^t TTf- eff ° rtS ° f thiS natUre ' the C3rb0n arC dischar9e exhibited a ^nonoW at 
ofless than ^oJ^VT^ ^ m0Ved ^ S '° W ' y al °" 9 the ed9e of the catnode . with a velocity 
h I^I T ! Furthermore, the glow emitted from the discharge was very bright and the heat 

ES? - SUbStrat ! Was Si 9 nificant - T h a Pl«ma flux generated by carbon arc •v.po^SSJJlSl htah 
wh chTo 9fee 7 8 maXimUm Va ' Ue ° f 70 Percent - This a9reed with Previo^ly documented resute 
3 'I betWee " the d69ree ° f i0nization and the cathod * material boiling temperate (which 
is 4500k for carbon material). Those skilled in the art will recognize that carbon *mon^^Z«^ 
sistmfy for temperature below 1 000°K. which might explain the slow arc motion at the cathode ^suSe and te 
tendency to preferentially locate where the carbon resistance is the lowest. This feature seems to tead to t e 
observed arc instability and short discharge lifetime, which require frequent re-triggering of *e ca hode The 

^ITZ eff6Ct f? t6ndS t0 9enerate 3 ,arge number of incandescent ca?bo particle e ted sim 
taneously with the ,on.zed plasma stream. As was expected, the HSS substrate held at 1 50mm Xtfnlf Z, 

ZT^r^TT 3 P ° Wd ^ 9raphite C ° ati " 9 havin9 a ^ PoJZeZTsmTse^ToZ 
filmsurface.revealedsubstantial defects, which aredue to the unstable conditons of the ^^0^ 
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oration, leading to macroparticle ejections and low quality deposition. 

When the magnetic field, induced by the magnet coil 51 of the plasma enhancement apparatus 50, was 
activated, the random trajectory of the cathode arc spot was no longer displayed. The spot seems to be steered 
to the surface center of the carbon cathode, where the lines of force of the magnetic field are substantially per- 
5 pendicular to the cathode, and its axial component Bz is maximum. However, under a residual vacuum condition 
of 1 0-6mTorr, the arc discharge was still unstable and the cathodic spot was extinguished by the magnetic field 
when its value exceeded several hundred Gauss. To sustain a very stable evaporation, a gas support partial 
pressure of argon or hydrogen with a minimum value of 5mTorr must be set during the process. The arc dis- 
charge obtained in this stable condition displayed an arc column contraction and a bright gas glow discharge 
10 spot located in front of the cathode. These effects lead to an increase of the cathode temperature resulting in 
the improvement of the discharge lifetime and the reduction of the observed emission of incandescent carbon 
macroparticles. Furthermore, when the magnetic field is applied, augmentation in the voltage drop Uc across 
the discharge space to 40 Volts was measured for a 50 A arc current intensity. 

Figure 7 shows the magnetic field influence induced by the magnet coil 51 on the total ion current collected 
is as the plasma exited the plasma enhancement apparatus 50 as a function of the substrate bias voltage applied. 
The saturation ion current measured by setting a 500 Gauss magnetic field is much higher than that obtained 
with a conventional arc discharge, when no external magnetic field is used. The saturation current measured 
with a 80mm diameter probe at the plasma exit point is 5 A, corresponding to two times the total ion current 
collected with conventional arc discharge. 
20 The curves presented in Figure 8 demonstrate the influence of the magnetic field strength versus the sat- 

uration ion current collected by a -150V biased probe, when the arc discharge is established at 25mTorr partial 
pressure of argon or hydrogen gas. As illustrated in Figure 8, the increase of the magnetic field leads to a rise 
of the total saturation current collected. Both measurements performed with argon or hydrogen gas display sat- 
uration effect for a magnetic field value of around 500 Gauss. The results illustrate the result of focusing the 
25 plasma with the magnetic field. The axial component Bz of the magnetic field with the azimuthal Hall current J 
flowing through the plasma, generate a radial force Fr = J.Bz (Lorrentz force) focusing the plasma stream along 
the plasma guide. This effect results in magnetization of the electrons involving an increase of the electron- 
molecule and ion-molecule interaction probability and leading to further excitation and ionization of the plasma 
flux species. An additional consequence of the magnetic field on the plasma stream is an increase in the aver- 
30 age ion energy, as measured by a multi-electrode electrostatic probe in vacuum condition as a function of the 
magnetic field strength. This effect is the result of radial component Br of the field which produces an acceler- 
ation force Fz = J.Br on the plasma stream leading to higher energy of the carbon ions. These different exper- 
imental observations and results suggest that the enhanced arc apparatus improves the carbon arc discharge 
by increasing the total ion flux collected by the substrate and controlling the ion energy of the plasma stream. 
35 The hardness of the carbon films deposited at a bias voltage of -50V, on high speed steel (sample A) and 

silicon (sample B) substrates was measured by using a diamond microhardness technique and applying loading 
forces in the range of 10gf to 400gf. In this test the film thickness was measured as 2.5um for sample A and 
1um for sample B. The indent diagonal length was confirmed by SEM observation and the film hardnesses were 
calculated using the relation HV = 0.1891 F/d2, which had been previously employed for determining the film 
40 hardness of a diamond-like coating. Viewing the hardness of the different films as a function of load increases 
from 1 0gf to 400gf, the hardness value discrepancy measured for heaviest load, between film A and B, seems 
to be due to the thickness difference of the films and the substrate hardness inequality. The hardness of the 
film B deposited on silicon measured with a 400gf exhibits a value of 1100HV greater than silicon hardness 
value of 800HV. No hardness measurements for loads less than 25gf were analyzed because the hard nature 
45 of the film leads to a too small indent size. However, average hardness of 2600 HV and 5200 HV with respec- 
tively 50gf and 25gf load have been measured for both samples A and B. 

Using SEM surface topography analysis, the carbon films deposited by the modified arc process of this 
invention on high speed steel substrates are very smooth compared to conventional arc results. Fewer mac- 
roparticles (maximum diameter ^ 500 A) and surface defects can be observed, and measurements taken by 
50 a Dektak II A profilometer confirm this observation, as both samples A and B had an Ra equal to O.02um. 

Furthermore, SEM examination of the fracture cross section of the carbon film deposited on sample A ex- 
hibits a very dense and amorphous structure without columnar growth. The amorphous film uniformly follows 
the substrate surface and displays a very good adhesion level. No adhesive failure was observed at the film 
substrate interface. 

55 In order to check the adhesion level of the test films, the adhesion strength was measured by scratch test 

method. For film A the acoustic intensity increased until reaching the lower critical limit of adhesion at Lc = 22N, 
while the adhesive failure of the coating at the interface is given for an upper critical load of 35N. For the Si 
substrate, the lowest value of the lower critical load was 15N, while a higher value of the upper critical load of 
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42N was measured m comparison to sample A. Furthermore, the film B exhibits a higher acoustical signal am- 
phtude compared to film A. The results from the scratch test correlated to SEM obseLion of the k£ «I 
ing failures, showing that film A scratch mark exhibited more coating chipping than film B. Because of the dif- 
Sl £" ♦ ,? Ub f ^ the fi,m thiGkneSS discre P anc V. a comparative result is very difficult. Nev- 

^^JS^ T 33 "^ f ° r V3ri0US SUbStrate ' and in Particu,ar hi ^ h ***** steel, were prom- 

ising for carbon films on such materials. 

*J 0 IT*^1 n3t T f Carb ° n fi ' m deP ° Sited by enhanced arc technidue - the Alms obtained under 
hydrogen and argon partial pressure respectively on silicon and high speed steel substrate were analyzed by 

TcaZnlZl^"^ ' 25 T" Pa ?' PreSSUre ° f hydr ° 9en 31 r00m tem P^ature, the Raman spectra 
of a carbon filmed produced on a silicon substrate is quite typical of DLC films produced by ion beam method 

l P fl T»M«n " * 8 Peak 81 W3Ve nUmb6r ° f 1550 Per Cm and a ver y weak P"* ^ 1350 per cm. The G 
peak a 1550 per cm corresponded to the graphite crystal structure, while the D peak at 1350 per cm was char- 

actenstic of defective graphite structure or crystalline structure. 

mn I he Raman s Pf ct ra of carbon films deposited onto high speed steel substrates under argon partial pressure 

D Mak cenTeredaM 2f ^ ^ G Pe3k ' W3S ^ * 3 WaV * " Umber of 1560 ^ ™ while the 

nrlif f k J S P t r ° m a ' WayS V6ry br ° ad in conventi °na' DLC films was in this spectra weaker than 
previously observed under hydrogen conditions. The relatively high energy level exhibited by the G peak lead 

z^mTV^T* WhiCh iS characteristic of amorphous non-hydrogenated DLC films. These re- 

and aro^h t'n ■ i,^* * ^ ^ depen6S ° n i0n energy involved durin 9 their "^leation 
b^h^l Z * the K leVel ,° f hydr l ° 9en COntained in the film - Beca "se the carbon film structure is influenced 
T carbon chemical bonding, analyses have been carried out by Fourier Transforms Infrared 

SSTS?' T, Jl t FT ' R absorbance s P ectra of the fi'm deposited on high speed steel substrates 
(Sample A) demonstrated the absence of C-H stretching absorption mode at the wave number of 3000 per cm 

US p™ ! ^ r t' able indiCat ° r th3t the ° LC fi ' m dep0Sited contains no Slogan. This feature is dSferent 
in the FTIR spectra observed for the DLC film deposited on sample B under hydrogen partial pressure. 

. awlZTrT Unde L D !r, biaS VOlta9e WitH ar9 ° n and hydr ° 9en partial P ressure conditi °ns exhibited 
a grey black color expressed by Macbeth color measurement as the following- 
Sample A: L» = 60.88 a» = 0.37 b* = -1.55 
Sample B: L* = 55.90 a» = 0.22 b* = -0.54 

°m ' eflaCtance Curves showed thal the °P tical reflectance did not exhibit a smooth curve, but instead 
oscillated between max.mum and minimum, having an increasing amplitude as the wavelength increased This 
phenomenon seems to result from the optically transparent nature of the arc deposited DLC films. The incident 
light beam is reflected by both the air/film and film/substrate interfaces. The optical effect resulting leads to gen- 
erate constructive and destructive interferences, indicated by the maximum and minimum reflectance meas- 
ured. This phase difference is dependent on the film thickness and the refractive index of the film and also of 
the substrate. If the film were optically opaque, the incident light would not reach the film/substrate interface 
and thus no interference would occur. However, because the films are neither totally transparent or opaque 
the degree of constructive/destructive interference will depend on the amount of light absorbed by the film The 
experimental results indicate that the film becomes more absorbing at low wavelength when the amplitude be- 
tween maximum and minimum decreases. The films display a relative transparency in the near visible infrared 
ra ?K 6 ^S ^ a maximum absorbance peak at 660nm for film A and 560nm for film B. However, the reflectance 
in the 400-500nm region being slightly higher indicates the bluish dark appearance of the film in ordinary light 
previously exhibited by the b» color value of the films. 

The plasma enhancement apparatus magnetically confines the arc discharge at the carbon cathode sur- 

Si2ilT!5 ° 0nStrai . nt ' eadS t0 3 bettef SP0t Stabi ' ity and allOWS a lon 9 er discha ^ e ,ifetime - OP«mal 
ZntZ SZ ^T a ?r ed Whe " th6 3X131 COmp ° nent 0f the ma 9 netic field Bz was maximum at the 
Zll l m i . he maX ' mum ma 9 nitude of th e axial field was obtained with lines of force con- 

TrZ m h h V ° Pt,m f P °, Siti ° n ° f magnetiC COre Pieces accordin 9 10 the embodiment shown in Figure 
3 The glow discharge spot produced in the vicinity of the cathode surface indicates an increase of excitation 
and .omzation of the plasma flux leaving the cathode surface. This enhancement of electrons in this regton is 
believed to contnbute significantly to the acceleration of the carbon ions. The second important effect^ the 

of 20mm in diameter can be observed. The ion losses by diffusion are reduced, and the plasma flux and the 

Z^ZZf, TT 3t P ' aSma 9Uide 6Xit 3re C ° nSiderably increased - An addiLnaTconseque ce 

tul^Z* I , T 8Se ° f the CO,liSiona ' process during P |asma ^nsPort, which is 
bel.eved to be responsible for the reduction of the carbon macroparticles by evaporative phenomenon 

ce i Jilfnn 'hr 8 e " hancement ap P aratus enhances tha excitation and ionization level of the plasma and ac- 
celeratmg the ions to higher energy. Also, the structure and the chemical bonding of the condensated films may 
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\be controlled or affected by adjusting the condensation conditions, such as the ion current density and the ion 
energy. With the carbon arc evaporation technique, the level of energy for DLC films nucleation and growth is 
gained from the kinetic energy of the ions impinging the substrate. Also, an ideal carbon ion energy for DLC 
deposition must reportedly be in the range of several tens of electron volts, higher than the binding energy of 
5 the carbon atoms and lower than the threshold energy leading to crystal defect (60ev). In addition to the carbon 
ion flux, the experimental results indicate that the use of argon gas results in argon ion bombardment of the 
film surface and sputtering of the graphitic constituent of the film. 

The carbon ion energy is an important parameter because it affects the film evolution in different ways. It 
contributes to manage the adhesion and stress level of the film, to increase the sp 3 hybridized carbon and con- 
ic centration of unprotonated quaternary carbon which appears to control the mechanical properties of the DLC 
films. It is understood that using the plasma enhancement apparatus of the present invention, the impinging 
carbon ion energy is easily manageable by varying the bias voltage applied to the substrate. 



15 



40 



55 



Additional Applications 



Vapor deposition of titanium and carbon as described above constitute only two examples of the utility and 
application of the present invention. Those skilled in the art will recognize various additional applications and 
modifications in view of the foregoing disclosure. For example, the core members need not be coaxial, nor even 
coplanar relative to one another. In fact, certain applications may require that a series of core pieces be aligned 

20 relative to one another in such a manner to define a curved plasma stream. Additionally, one or more of the 
core members may be mechanically driven to "spray" a relatively narrow plasma stream across a wide area. 
Such an application may be desirable where a large object must be coated with a very high density coating. 

Another attractive application involves the coating of inner surfaces of tubes and the like, where the pen- 
etration of the coating material into the tube is a function of the diameter of the tube. The present invention 

25 makes it possible to generate and accelerate an intense narrow beam of plasma, which will provide greater 
. penetration into tubular structures and the like. Such a narrow beam can be generated either by increasing the 
thickness of the core piece or pieces nearest the exit of the plasma guide or by adjusting the aperture defined 
by the core piece or pieces nearest the exit of the plasma guide. On the other hand, for applications where it 
is desirable to distribute a fine coating over a large area, as is the case with many mass production operations, 

30 the core piece(s) nearest the end may be thinner. 

For any given application, the core pieces comprising the core member can be varied in size, shape, num- 
ber, and position (relative to one another, as well as the magnet) until a suitable configuration is achieved. Such 
"fine tuning" capability is facilitated by the structure of the present invention. Accordingly, while the present in- 
vention has been described with reference to two particular embodiments, various alternative embodiments 

35 and design options will be apparent to those skilled in the art, and the present invention is to be limited only 
by the appended claims. 



Claims 



1. In an electric arc vapor deposition chamber, a plasma enhancement apparatus of a type that is positioned 
to act upon plasma generated from a plasma source before the plasma reaches a substrate to be coated 
by the plasma, comprising: 

(a) a magnet disposed about a magnet axis and defining a first aperture; 

45 ( b ) a core member disposed about a core member axis and at least partially nested within said first aper- 

ture, wherein said core member defines a second aperture, wherein the plasma enhancement appara- 
tus is arranged and configured in such a manner that the evaporated cathode source material passes 
from the cathode source and through said second aperture toward the substrate to be coated by the 
evaporated cathode source material, whereby the plasma is conditioned by the plasma enhancement 

50 apparatus. 

2. A plasma enhancement apparatus according to claim 1, wherein said second aperture varies along said 
core member axis, and the evaporated cathode source material tends to converge toward said core mem- 
ber axis where said second aperture is relatively large. 

3. A plasma enhancement apparatus according to claim 1 , wherein said core member defines a plasma con- 
vergence zone along said core member axis. 
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6. 



4. A plasma enhancement apparatus according to claim 1, wherein said core member includes a first cylin- 
drical shell and a second cylindrical shell coaxially aligned along said core member axis, which shells de- 
fine a cylindncal shell void therebetween. 

5. An apparatus for performing electric arc vapor deposition, comprising: 

(a) a chamber defining a vapor deposition cavity; 

(b) evacuation means for evacuating said vapor deposition cavity; 

(c) a source material cathode having a plasma generating face exposed to said vapor deposition cavity- 
d electric arc plasma generation means for generating a plasma from said source material cathode-' 
e) a substrate, positioned within said vapor deposition cavity arranged and configured to receive and 
to be coated with said plasma; 

(f) plasma coating enhancement means, positioned between said source material cathode and said sub- 
strate, for enhancing the plasma coating of said substrate, comprising: 

(i) a magnet coil configured about a coil axis; 

(ii) a core member nested within said mag net coil, coaxially aligned therewith and defining a central aper- 
fcjre through which said plasma passes from said source material cathode toward said substrate and 
(in) means operatively connected with said magnet coil for energizing said coil so as to produce a 
plasma convergence zone in said aperture along said core axis. 

The apparatus as recited in Claim 5 wherein said core member indudes a plurality of core shells coaxially 
spaced along said core axis and defining core shell voids between respective axially aligned uses of said core 

snBiiS* 

In an electric arc vapor deposition process suitable for performing vapor deposition on substrates within 
an evacuated deposition chamber by means of a coating plasma formed by an electric arc passing be- 
tween a sacrificial coating source material cathode and an anode, the process comprising- 

(a) positioning a substrate to be coated within the deposition chamber; 

(b) evacuating the deposition chamber; 

(c) initiating and sustaining an electric arc between said sacrificial cathode source and said anode to 
create a coating plasma of evaporated source material; and 

(d) creating a plasma convergence zone intermediate said cathode and said substrate 

(e) directing said plasma through said plasma convergence zone; 

(0 conditioning said coating plasma within said plasma convergence zone to increase ionization of per- 
tides within a said plasma and to remove macropartides from said plasma; and 
(g) directing said plasma from said convergence zone to said substrate. 

The method as recited in claim 7 wherein said conditioning step is performed at least in part by magnetic 
fields generated within the evacuated deposition chamber. 

9. The method as recited in daim 8 wherein said conditioning step comprises: 

(a) generating a magnetic field within said chamber having flux lines passing through said cathode 
source material and toward said substrate; and 

(b) focusing said flux lines at a position intermediate said cathode and said substrate so as to create 
said plasma convergence zone disposed to intercept said coating plasma as it proceeds from the cath- 
ode to the substrate. 

The method as recited in claim 9 further including the step of varying the length of said convergence zone 
in the longitudinal direction from said cathode to said substrate. 

The method as recited in claim 9 wherein the magnetic flux lines are arranged generally symmetrically 
about an axis extending from the cathode to the substrate and wherein the cross-sectional area of said 
convergence zone is generally radially disposed about said axis. 

The method as recited in claim 1 1 further including the step of controllably varying the intensity of said 
magnetic field so as to controllably vary said cross-sectional area of said convergence zone. 

The method as recited in claim 10, wherein the step of varying the length of said convergence zone com- 
prises selectably changing the size and configuration of magnetic core pieces of that apparatus used to 
create said magnetic field. 
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